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The transformation of SBA-15 into fibrous type SBA-15 (F-SBA-15) as well as the influence
of Ni loadings (1, 3, 5, and 10 wt%) towards an efficient CH4 production from H2 and CO2
were explored. The synthesized catalysts were characterized using XRD, BET, ICP-MS, FTIR,
FESEM-EDX, TEM, and in-situ FTIR adsorbed pyrrole. Increasing Ni loadings onto F-SBA-15
support promoted excellent performance towards CO2 methanation. The efficacy in CO2
methanation over Ni/F-SBA-15 increased with a sequence of 1%Ni/F-SBA-15 < 3%Ni/F-SBA-
15 < 5%Ni/F-SBA-15 z 10%Ni/F-SBA-15, indicating the superior performance and stability
of 5%Ni/F-SBA-15. The increasing trend was due to the fibrous morphology of support
which enhanced the quantity of SieOeNi bond, triggered better Ni dispersion, strengthen
metal-support interaction, and increased the basicity. However, higher Ni loadings (10 wt
%) onto F-SBA-15 slightly declined the performance and stability of CO2 methanation due
to the limited spaces for substitution of Ni species with the silanol groups of F-SBA-15 upon
the bulk Ni phase, poorer Ni dispersion, weaker metal-support interaction, and lower ba-
sicity. The new finding of combination between fibrous SBA-15 (F-SBA-15) with an opti-
mum Ni loading contributed towards an outstanding performance and thus could be
applied in various applications.
© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.and Natural Resources Engineering, Universiti Malaysia Pahang, 26300 Gambang, Kuantan,
. Setiabudi).
ons LLC. Published by Elsevier Ltd. All rights reserved.
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Energy crisis that related to an excess consumption of fossil
fuels (e.g. coal, oil, natural gas) as well as its very limited re-
serves of the fuels nowadays is one of the main concerns in
this recent year owing to it can eventually cause the great risk
for the future whereby it may run out in the coming decades.
Many approaches have been drawn towards the mitigation of
this energy crisis into the shortage of fossil fuels, and even as
the renewable energy storage that generates the electricity
production in power plant including the H2 generation from
biomass gasification [1], hydrolysis of NaZn(BH4)3 and its
ammoniates [2], and ethanol steam reforming of MMT-
supported Ni/TiO2 nanocomposite [3] as well as the CH4 pro-
duction from the hydrogenation of CO2 using supportedmetal
catalysts [4,5]. Among the different pathway of energy and
fuels formation, CO2 methanation (as shown in Eq. (1)) is
considered as one of the most feasible and plausible reaction
routes owing to its CO2 utilisation into more valuable,
marketable and economical products such as methane (CH4).
Additionally, considering the infrastructure for transport and
storage of CH4 is already present, the CH4 produced by this
reaction can be easily sent to the chemical industries and can
even be utilized as an energy vector. However, the most
suitable catalyst is needed for the CO2 methanation reaction.
CO2 þ 4H24 CH4 þ 2H2O (1)
For the choice of support, the most widely used family of
mesoporous silica material types are Santa Barbara Amor-
phous No. 15 (SBA-15) andMobil Composition of Matter No. 41
(MCM-41) [6e8]. However, the mesoporous SBA-15 is exten-
sively preferred as the most promising support for the prep-
aration of supported metal catalysts owing to its favorable
textural characteristics with greater surface area
(600e1000 m2 g1), bigger pore size diameter (5e30 nm),
thicker porewalls (3e6 nm), higher thermal and hydrothermal
stability as well as highly uniform-arranged mesopores [8].
Nickel (Ni) is selected as the type of metal to be incorporated
with the support owing to its low price, easily available, and
high catalytic performance [9,10]. Even though Ni-based
catalyst has been extensively used in CH4 production, the
conventional Ni-based catalyst is not promising as it suffers
from severe limitations. This type of catalyst is always
accompanied by carbon deposition and metal sintering even
at the low reaction temperature. In addition, the agglomera-
tion of metal is sometimes difficult to control and thus results
in a weak metal-support interaction and low catalytic activity
and stability [11].
Recently, a few researchers discovered the superior cata-
lytic performance and stability over metal supported onto
fibrous morphology of ordered mesoporous silica material
[9.10]. The development of support with fibrous morphology
and dendrimeric structure has become attractive due to a
homogenous and better metal dispersion onto support, pro-
ducing a promising well-dispersed metal-based fibrous cata-
lyst. Previously, Fihri et al. [12] found that the fibrous type of
nano-silica (KCC-1) improved the distribution of Ru particles
and thus resulted in a superior performance towards alkanehydrogenolysis and hindered the deactivation activity of the
catalyst even after eight days. This promising catalytic per-
formance was related to the restriction of Ostwald ripening of
Ru nanoparticles when they were dispersed into the fibrous
type of KCC-1. In addition, the fibrous type of support with the
dendrimeric structure also gains several attentions due to its
advantages in allowing a bulky mass of reactants to interact
with the active sites of the catalyst [13]. Notably, this favorable
fibrous structure of mesoporous silica materials is expected to
be as a promising candidate to produce a homogenous and
well-dispersed Ni-based catalyst. To the best of our knowl-
edge, no study has been done on the fabrication structure of
SBA-15 into fibrous morphology (F-SBA-15). Herein, this study
highlighted on the modification structure of SBA-15 support
into novel fibrous type (F-SBA-15) in order to produce a higher
accessibility ofmetal to be dispersed onto the pores of support
due to its formation of a dendrimeric structure.
Instead of themorphology of support, the amount of metal
loadings on the support also influences the behavior and
stability of the catalyst. Previously, few researchers reported
the vital role of an optimum amount of metal loading in the
enhancement of numerous reactions including CO2 metha-
nation [14], ethanol steam reforming [3], and CO2 reforming of
CH4 [15] due to the higher accessibility and better metal
dispersion aswell as strongermetal-support interaction. They
also reported that the optimum amount of metal loading will
influence the less occurrence ofmigration andmetal sintering
on the channels of support during the reaction. Thus, the
amount ofmetal loading is considered as the significant effect
that need to be examined for preparing the good behavior and
stability of Ni/F-SBA-15 towards CO2 methanation.
The combination of a modified fibrous type of SBA-15 (F-
SBA-15) with the different amount of Ni loadings (1, 3, 5, and
10 wt%) was explored as to determine the influences and
limitations of emerging the physical properties ofmetal-based
fibrous catalyst towards a superior catalytic performance. In
addition, the stability of the catalyst towards efficient CH4
production with the minimum occurrence of metal sintering
was also studied. The properties of all synthesized Ni/F-SBA-
15 were determined using XRD, BET, ICP-MS, FTIR, FESEM-
EDX, TEM, and in-situ FTIR adsorbed pyrrole, meanwhile all
spent Ni/F-SBA-15 were evaluated by XRD and TGA analysis.Materials and methods
Catalysts preparation
According to Zhao et al. [8], SBA-15 synthesis was done by
mixing and stirring the triblock copolymer poly (ethylene
glycol)-poly (propylene glycol)-poly (ethylene glycol) (PEO-
PPO-PEO/P123) (Sigma-Aldrich, average molecular
weight ¼ 5800) with an aqueous solution of 2 M hydrochloric
acid (HCl, 37 wt%) at 313 K for 1 h, followed by adding with the
tetraethylorthosilicate (Merck, TEOS) (mass ratio of TEOS/
P123 ¼ 2.21). The resulting solution was stirred for another
24 h at 313 K, and subsequently treated under hydrothermal
condition using reflux hydrothermal treatment method for
4 h at 353 K. The obtainedwhite precipitatewas filtered, rinsed
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calcined (823 K, 3 h).
The surface modification of SBA-15 was executed by
microemulsion solution method coupled with SBA-15 crystal-
seed crystallization method as referred to the previous
methodology reported by Firmansyah et al. [13]. A homoge-
nous solution of tetraethylorthosilicate (Merck, TEOS), n-
butanol (Merck) and toluene (Sigma-Aldrich) were mixed,
followed by adding with SBA-15 powder (calcined) under
stirring for 30 min at ambient temperature. The mixture of
hexadecyltrimethylammonium bromide (CTAB, Sigma-
Aldrich,  98%), urea (Merck, CO(NH2)2), and deionized water
was stirred and then dropped on the first prepared solution
under stirring at ambient temperature for another 3 h. The
resulting solution was put into a Teflon-lined stainless-steel
autoclave for hydrothermal heating at 353 K for 4 h. The solid
product of F-SBA-15 was centrifuged, washed thoroughly with
deionized water, oven-dried (383 K, 12 h), and calcined (823 K,
6 h).
Ni/F-SBA-15 was then synthesized by incipient wetness
impregnation method. The synthesized F-SBA-15 was
dispersed with the aqueous solution of Ni(NO3)2$6H2O (Merck,
99%), and subsequently stirred at 353 K until almost all the
water was being evaporated. Then the product was dried
(383 K, 12 h) and calcined (823 K, 3 h). Ni loadings used in this
study were 1, 3, 5, and 10 wt%.
Catalysts characterization
X-ray diffraction (XRD) analysis was carried out for the iden-
tification of crystalline structure using Philips X’ Pert MPD,
3 kW that equipped with Cu Ka radiation (l ¼ 1.5405 Å). The
evaluation of NiO crystallite size (DNiO) was done based on the
Scherrer equation [16]. XRD analysis was also used for the
evaluation of the spent catalysts properties.
DNiO ¼ 0:9lB cos q (2)
Analysis of the textural characteristics (i.e., BET surface
area and porosity) of the catalysts was evaluated using
Bruneuer-Emmett-Teller (BET) (AUTOSORB-1 model AS1 MP-
LP instrument). The specimens were evacuated at 473 K for
4 h. The determination of the specific BET surface area and the
porosity of catalysts were done based on the BET equation and
Barrett-Joyner-Halenda (BJH) method, respectively.
The validation of exact amount of Ni loadings that were
dispersed onto F-SBA-15 support was performed by using the
inductively coupled plasma mass spectrometry (ICP-MS). The
actual Ni loadings were compared with the intended Ni
loadings.
Agilent Cary 640 Fourier Transform Infrared (FTIR) Spec-
trometer was used for the determination of functional groups
and chemical bonding of F-SBA-15 and Ni/F-SBA-15 using the
KBr matrix within the scan range of 500e1400 cm1 with a
resolution of 5 cm1. The pellet was prepared by mixing 1 mg
of catalyst with 100 mg of KBr. Meanwhile, the basicity of the
catalysts was identified using in-situ FTIR adsorbed pyrrole
analysis. 30 mg of the catalyst prepared as a self-supported
wafer was loaded into a high-temperature stainless steel cell
with CaF2 windows and reduced at 673 K for 1 h, followed bycooling to ambient temperature. Then, the activated catalyst
was introduced to 4 Torr of pyrrole at ambient temperature for
5 min, and subsequently evacuated at ambient temperature,
323 K, 373 K, 423 K, and 473 K for 5 min, respectively. All
spectra were recorded using FTIR spectrometer within the
scan range of 500e1400 cm1 with a resolution of 5 cm1.
Field Emission Scanning Electron Microscopy (FESEM)
equipped with the elemental distribution mapping (JEOL
JSM7800F Electron Microscope) was performed in order to
identify themorphological structural of metal-based catalysts
as well as its metal distribution. Transmission electron
micrograph (TEM) observation was executed on TEM Philips
CM12. Prior to the analysis, catalyst was dispersed in ethanol,
dropped onto a porous, amorphous carbon grid, and dried.
For the evaluation of coke deposition on the spent Ni/F-
SBA-15 catalysts, it was done by thermogravimetric analyzer
(TGA, Q500, TA Instruments), operated under 20%O2/80%N2 at
1173 K with the heating rate of 5 K min1.
Catalytic testing
The CO2 methanation over catalysts was performed in a
stainless steel fixed-bed reactor at the temperature of 673 K,
specific gas hourly space velocity (GHSV) of 24,900 mL g1 h1
and H2/CO2 ratio of 4/1. Prior to the reaction, 0.2 g of sample
was mixed with the quartz wool, put in the middle of the
reactor and degassed in a flow of H2 stream
(FHydrogen ¼ 20 mL min1) for 1 h at 973 K, followed by cooling
down to the desired temperature. Then, gaseous reactants of
H2 and CO2 were fed into the reactor and the composition of
gaseous effluent was analyzed with an Agilent gas chroma-
tography equipped with a GS-Carbon PLOT column and a
thermal conductivity detector (TCD). The calculation on CO2
conversion, CH4 selectivity, and CH4 yield were done based on
the following equations:
CO2 conversion; XCO2 ð%Þ ¼
FCO2 ;in  FCO2 ;out
FCO2 ;in
 100% (3)
CH4 selectivity; SCH4 ð%Þ ¼
FCH4 ;out
FCO2 ;in  FCO2 ;out
 100% (4)
CH4 yield; YCH4 ð%Þ ¼
XCO2  SCH4
100%
(5)
where F is the molar flow rate for the particular compound in
mol s1. The turnover number (TON) was calculated as num-
ber ofmoles of CH4 produced/mole of catalyst. Meanwhile, the
turnover frequency (TOF) was computed as the TON/time of
reaction.Results and discussion
Characterization of the synthesized catalysts
The characterization of synthesized F-SBA-15 and Ni/F-SBA-
15 catalysts with the different amount of Ni loadings were
carried out using XRD, BET, ICP-MS, FTIR, FESEM-EDX, TEM,
and in-situ FTIR adsorbed pyrrole. Fig. 1 indicates the (A) low-
angle and (B) wide-angle XRD patterns of F-SBA-15 and Ni-
Fig. 1 e XRD patterns for (A) low-angle and (B) wide-angle of (a) F-SBA-15, (b) 1%Ni/F-SBA-15, (c) 3%Ni/F-SBA-15, (d) 5%Ni/F-
SBA-15, and (e) 10%Ni/F-SBA-15.
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XRD patterns of F-SBA-15 and all Ni-based F-SBA-15 cata-
lysts (Fig. 1) displayed threemain diffraction peaks indexed as
(100), (110), and (200) reflections of typical two-dimensional,
attributing to the presence of hexagonally ordered meso-
structures (p6mm) with uniform and high quality of meso-
porous packing [17]. The Ni inclusion did not markedly alter
the orderedmesostructured of F-SBA-15 support structure due
to no shift in the peaks and no decreasing intensities were
observedwith the inclusion ofmetal, evenwith the increasing
of Ni loading. The results indicated no structural degradation
of F-SBA-15 support due to a highly ordered structural
arrangement of F-SBA-15 support. As displayed in Fig. 1(B), F-
SBA-15 and all Ni-based F-SBA-15 catalysts exhibited the
broad diffraction peak in the region of 10.0e30.0, revealing
the appearance of SiO2 framework in the support. Besides,
there are fivemain diffraction peaks at 37.3, 43.2, 62.9, 75.4,
and 79.3 possessed by all Ni/F-SBA-15 catalysts, which are
corresponding to face-centred cubic (FCC) crystalline NiO
structure [18]. The intensity of the five main diffraction peaks
increased upon the increasing of Ni loading from 1 to 10%,
followed the order of 1%Ni/F-SBA-15 < 3%Ni/F-SBA-15 < 5%Ni/
F-SBA-15 < 10%Ni/F-SBA-15, revealing the highest accessi-
bility and incorporation of NiO crystallites onto F-SBA-15
support at 10 wt%, in agreement with Aziz et al. [14] for Ni/
MSN catalysts.
The NiO crystallites size was determined based on the
Scherrer equation (Eq. (2)) and their results are shown in Table
1. Despite the increasing Ni loading onto F-SBA-15 support
from 1 to 5%, NiO crystallites size slightly increased ranging
between 7.99 nm and 8.92 nm, representing to a higher
quantity and homogenous dispersion of NiO crystallites onto
the framework of F-SBA-15 support [14]. However, a further
increment in the amount of Ni loading (10 wt%) onto thestructure of F-SBA-15 support resulted to a drastically
enlargement of NiO crystallites size (17.73 nm) in accordance
to an aggregation of NiO crystallites located on the outer
surface of F-SBA-15. This phenomenon might be due to the
limited access of the NiO crystallites entering the framework
of F-SBA-15 or partial interruption of F-SBA-15 structure
resulted from the bulky Ni nanoparticles and thus exhibited
towards a poorer metal deposition together with a weaker
metal-support interaction.
By referring to the previous study by Setiabudi et al. [19], it
was reported that a lower percentage crystallinity or partially
collapse of Pt-HZSM5 structure at higher iridium loading
might be related to a bulk iridium phase, corresponding to a
limitation in available spaces for metal deposition, and thus
resulted in a poorer metal dispersion and weaker metal-
support interaction. Similar observation was also described
by Stekrova et al. [20]. They claimed that the formation of
metal crystallites with a bigger size might be due to the exis-
tence of a weaker interaction between the mixed oxide sup-
ports and metal, and thus decreased the homogeneity of
metal deposition onto the surface of those supports.
The properties of F-SBA-15 and Ni-based F-SBA-15 are lis-
ted in Table 1. BET surface area of F-SBA-15 support was
284.0 m2 g1. With an increase of the Ni loading into F-SBA-15
(1e10 wt%), the BET surface area was found to decrease
simultaneously from 126.0 to 62.3 m2 g1, respectively,
attributing to F-SBA-15 support was incorporated by nickel
oxides [21] which could enhance the metal-support interac-
tion. Moreover, the readings of the pore volume of catalysts
inconsistently decreased (0.34e0.19 cm3 g1) upon the incor-
poration of Ni loading from 1 to 5 wt%, indicating the pore
blockage with Ni species. However, excess Ni loading onto F-
SBA-15 support (10 wt%) significantly increased its pore vol-
ume (0.24 cm3 g1) as compared to 5%Ni/F-SBA-15,
Table 1 e Physical properties of F-SBA-15 and Ni/F-SBA-15 catalysts.
Catalysts Surface
area (m2 g1)
Pore volume
(cm3 g1)a
Pore
diameter (nm)
NiO crystallite size (nm)b Intended Ni
loadings (%)
Ni loadings (%)c
Fresh Spent
F-SBA-15 284.0 0.34 5.3 e e e e
1%Ni/F-SBA-15 126.0 0.20 6.1 7.99 8.44 1 1.03
3%Ni/F-SBA-15 122.1 0.22 6.8 8.86 9.51 3 2.99
5%Ni/F-SBA-15 120.3 0.19 7.0 8.92 9.02 5 5.01
10%Ni/F-SBA-15 62.3 0.24 8.7 17.73 18.39 10 10.07
a Obtained from Barret-Joyner-Halenda (BJH) desorption method.
b Calculated from XRD result using Scherrer equation.
c Determined from ICP-MS analysis.
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with a poorer metal dispersion and higher insertion of 10 wt%
of Ni particles into the pore mouth of F-SBA-15 support which
then caused the metal agglomeration, significant wall
contraction and pores’ expansion [15,21]. Meanwhile, the
growth in pore size increased gradually from 6.1 nm (1%Ni/F-
SBA-15) to 8.7 nm (10%Ni/F-SBA-15) upon the increasing of Ni
loadings. This circumstance suggested the enlargement of the
pores size resulted from the increased Ni atoms substitution
and incorporation over the Si atoms within the F-SBA-15
framework [22].
The ICP-MS analysis has also been added and showed in
Table 1 in order to quantify the actual Ni loadings onto the F-
SBA-15 and also compared with the intended Ni loadings. As
observed, the quantification of exact amount of Ni loadings (1,
3, 5, and 10%) onto F-SBA-15 support was nearly identical with
the reading of intended Ni loadings (1.03, 2.99, 5.01, 10.07%).
This phenomenon implied that Ni metals were probably suc-
cessfully distributed and dispersed onto F-SBA-15 framework
upon the inclusion of the different amount of Ni loadingsFig. 2 e (A) FTIR spectra of KBr pellet method and (B) activated cat
(d) 5%Ni/F-SBA-15, and (e) 10%Ni/F-SBA-15.occurred, in compliance with the previous study that reported
by Mondal et al. [23] on Ni/CeO2eZrO2 and RheNi/CeO2eZrO2
catalyst for H2 production.
To investigate the functional groups and metal-support
interaction of Ni/F-SBA-15 catalysts prepared at different
amount of Ni loadings (1, 3, 5, and 10 wt%), FTIR spectra were
collected in the wavelength ranging from 500 to 1400 cm1. As
displayed in Fig. 2(A), the bands appeared at 3450, 1635, 1060,
961, and 801 cm1, indicated the presence of eOH stretching,
adsorbed H2O molecules retained by siliceous materials, Sie
OeSi asymmetric stretching, external SieOH groups, and Sie
OeSi symmetric stretching bonds in the framework, respec-
tively [15,24e26]. The inclusion of Ni from 1 to 10 wt% slightly
altered the intensity of the band at 961 cm1 and become
enveloped in the band of 1060 cm1, revealing the isomor-
phous replacement of surface silanol groups (SieOH)
stretching with Ni species forming SieOeNi. Interestingly, it
could be found that the highest quantity with the strongest
metal-support interaction (SieOeNi) was exhibited by 5%Ni/
F-SBA-15 as it possessed the less intense peak at 961 cm1 andalysts of (a) F-SBA-15, (b) 1%Ni/F-SBA-15, (c) 3%Ni/F-SBA-15,
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compared with other catalysts. However, higher Ni loadings
(more than 5 wt%) onto F-SBA-15 support lowered the metal-
support interaction, resulting the agglomeration of abun-
dance Ni phase. The evidence of the SieO-Metal formation via
the changes in the vibration of SieOH groups at the band of
961 cm1 was also reported by Jusoh et al. [27] for ZnO/MSN
catalyst.
In addition, reduced F-SBA-15 and Ni/F-SBA-15 catalysts
possessed a sharp peak at 3740 cm1 with a shoulder at
3710 cm1 (Fig. 2(B)), attributing to the appearance of terminal
(isolated) and internal silanol group [28], respectively. The
incorporation of Ni species from 1 to 10 wt% onto F-SBA-15
support significantly decreased the intensity of the band at
3740 cm1, which might be owing to the perturbation of silica
framework with Ni species [29]. Meanwhile, the broad band at
3550 cm1 was attributed to structural defect and/or vicinal
hydroxyl groups [30]. It could be observed that increasing Ni
loadings onto F-SBA-15 influenced theminor structural defect
and/or vicinal hydroxyl groups, suggesting the promising
properties of fibrous structure type with highly ordered mes-
oporous structured of F-SBA-15 support, allowed towards a
higher incorporation and better dispersion of Ni particles into
the silica framework and pore channels of support. However,
upon the interaction with Ni at 10 wt%, the structural defect
and/or vicinal hydroxyl groups were slightly reduced,
assigning to the perturbation of F-SBA-15 framework due to a
bulk interaction with Ni species.
The FESEM elemental mapping image of 5%Ni/F-SBA-15 is
illustrated in the inset Fig. 3(A) as to determine its surface
morphology and metal dispersion. It could be clearly proved
that most of the Ni species were homogenous and well-
dispersed onto the uniform rod-like shape of F-SBA-15 with
highly aligned of the fibrous structure covering at the outer
surface (Fig. 3(A)), resulting to a greater SieOeNi bond with a
stronger metal-support interaction in 5%Ni/F-SBA-15. It was
in accordance with the earlier postulation in FTIR results,
whereby it could be noticed that 5%Ni/F-SBA-15 exhibited the
less intense peak at band of 961 cm1 and became enveloped
in the band of 1060 cm1 than other Ni-based F-SBA-15 cata-
lysts (inset Fig. 2(A)) evidencing the highest quantity and
strength between metal and support interaction (SieOeNi) in
5%Ni/F-SBA-15 framework. This phenomenon was most
probably due to the promising effect of the fibrous supportFig. 3 e (A) FESEM-EDX image for 5%Ni/F-SBA-15. (B) TEMwhich allowed a better dispersion and higher crystallinity of
Ni species at an optimum insertion of 5% Ni loading. A com-
parable observation was also found by Firmansyah et al. [13],
who explored the incorporation and dispersion of platinum
(Pt) onto the silica framework of fibrous ZSM-5 (F-ZSM-5).
Fig. 3(B) indicates the TEM image of the closed up single par-
ticle of F-SBA-15. The lattice structure of SBA-15was seenwith
the fibrous structure aligned on the external surface, proven
that the SBA-15 had beenmodified into fibrous SBA-15 (F-SBA-
15). It was in compliance with the previous assumption in
FESEM-EDX (Fig. 3(A)) whereby the F-SBA-15 were covered
with the fibrous structure on the external surface.
The basicity of all Ni/F-SBA-15 catalyst was investigated by
in-situ FTIR adsorbed pyrrole and their spectra are shown in
Fig. 4. The peak at 3530 cm1 and 3410 cm1 revealed NeH
band from pyrrole molecules (C4H4NH) in the gas phase [31]
and physisorbed pyrrole in the liquid-like state [32], respec-
tively. In the spectral region of 3475e3200 cm1, the main
broad band could be assigned to the formation of C4H4NHeO
bridges with basic oxygen, indicating NeH stretching vibra-
tions of chemisorbed pyrrole (C4H4NH) interacted with the
basic sites of framework oxygen atoms. The interaction be-
tween perturbed NeH stretch of pyrrole and the basic sites of
the catalysts could be investigated from the band of 3467 cm1
[14]. It was recognized that the intensity at 3467 cm1 was
increased upon increasing Ni loadings from 1 to 5 wt%,
attributing to an addition of Ni loadings up to 5 wt% provided
more active basic sites on the framework of the catalyst that
chemically interact with the pyrrolemolecules. The high basic
sites of catalyst resulted to a high adsorption of CO2 gases,
thus subsequently affected its reactivity with another gaseous
reactant, H2. A lower tendency of pyrrole to the blocking effect
observed in 5%Ni/F-SBA-15 catalyst might also correspond to
the higher quantity and better Ni dispersion [33]. Notably, the
number of basic sites at higher Ni loadings (10 wt%) slightly
reduced due to a poorer Ni dispersion upon bulk Ni phase. In
addition, it was related to a limited availability and accessi-
bility of the pyrrole adsorption sites to chemically react with
the basic sites of 10%Ni/F-SBA-15, corresponding to the
limited availability of basic oxygen in the framework of sup-
port. This phenomenon was in accordance with Kucera et al.
[34], who previously described that the basicity of ZSM-5 was
highly correlated with the presence of framework oxygen
atoms, which are the key element for contributing goodimage of the closed up single particle of F-SBA-15.
Fig. 4 e IR spectra of pyrrole adsorbed on the reduced Ni/F-SBA-15 catalysts, exposed to 2 Torr pyrrole at room temperature,
followed by evacuated at (i) room temperature, (ii) 323, (iii) 373, (iv) 423, and (v) 473 K for (A) 1%Ni/F-SBA-15, (B) 3%Ni/F-SBA-
15, (C) 5%Ni/F-SBA-15, and (D) 10%Ni/F-SBA-15 catalysts.
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supported metal catalysts with the different amount of metal
loadings (1e10 wt%) slightly decreased upon the heating
process from 323 K to 473 K, indicating the pyrrole was being
removed from the basic sites of catalyst owing to weak pyr-
role-SiO2 interaction [32].
Catalytic behavior of synthesized catalysts
The CO2 methanation activity over all Ni supported onto F-
SBA-15 with the different amount of Ni loadings (1, 3, 5, and
10 wt%) are shown in Fig. 5(AeC). As presented in Fig. 5 (A-C),increment of Ni loadings (1e5 wt%) resulted in an increasing
CO2 conversion, CH4 selectivity, and CH4 yield. This phe-
nomenon was due to the enhancement of CO2 and H2 disso-
ciation upon the increasing metal sites contained in the
metal-based catalyst which then impacted towards an
ascending performance of the metal-based catalysts [33,35].
Without the metal sites, the performance of the catalyst be-
comes not too active as the supported metal catalyst. From
this study, it represented that the most excellent behavior
towards CO2 methanation was possessed by 5%Ni/F-SBA-15,
whereby it exhibited 98.9% CO2 conversion, 99.6% CH4 selec-
tivity, and 98.5% CH4 yield at 673 K for 6 h time-on-stream.
Fig. 5 e (AeC) Catalytic performances of all different Ni loadings onto F-SBA-15 support (1, 3, 5, and 10%) towards CO2
methanation. Reaction conditions: T ¼ 673 K, GHSV ¼ 24,900 mL g¡1 h¡1, stoichiometric H2/CO2 ¼ 4/1, time-on-
stream ¼ 6 h. (D) Comparison performance of (a) 5%Ni/F-SBA-15 towards CO2 methanation with (b) 5%Ni/SBA-15.
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methanation on F-SBA-15 with different Ni loadings, in which
the maximum TOF values increased with the order of 1% (0.93
s1) < 3% (1.20 s1) < 10% (1.61 s1) < 5% (1.63 s1). Additionally,
the TOF value for 5%Ni/F-SBA-15 was compared with the
previous reported catalysts [21,36e38] over CO2 methanation
(as shown in Table 3), and was found to be the highest TOF
value obtained than the previous reported data. It might be
due to a favorable structure of 5%Ni/F-SBA-15 whereby
numerous substitution of silanol groups with larger quantityand better Ni dispersion and thus, resulted to a stronger
metal-support interaction. However, the activity of catalyst
started to decline upon the excess Ni loadings at 10 wt% in
which a slightly declined in the CH4 selectivity was observed,
representing the occurrence of Ni agglomeration began to
start. This phenomenon might not be due to the smaller
specific surface area of F-SBA-15 support, but it was relatively
related with the limitation substitution of Ni species with the
silanol groups of F-SBA-15 support upon the bulk Ni phase,
attributing to a poorer Ni distribution and weaker metal-
Table 2e Summary of themaximumTONand TOF values
for the CO2 methanation on F-SBA-15 with different Ni
loadings (1%, 3%, 5%, 10%). Operating conditions:
temperature ¼ 673 K, GHSV ¼ 24,900 mL g¡1 h¡1 and H2/
CO2 ratio ¼ 4/1.
Catalysts TON TOF (max) (s1)
1%Ni/F-SBA-15 20,088 0.93
3%Ni/F-SBA-15 25,920 1.20
5%Ni/F-SBA-15 35,208 1.63
10%Ni/F-SBA-15 24,774 1.61
Table 3 e Summary of the maximum TOF values for the
CO2 methanation on different catalysts.
Catalysts Reaction
temperature (K)
TOF
(max) (s1)
Reference
5%Ni/MSN 573 1.61 [21]
5%Ni/MCM-41 1.41
5%Ni/HY 1.21
5%Ni/SiO2 1.06
5%Ni/a-Al2O3 0.69
5%Ru/Al2O3 573 0.34
2%Ru/Al2O3 0.28 [36]
1%Ru/Al2O3 0.23
75%Ni/Al2O3 0.013 [37]
75%Ni25Fe%/Al2O3 523 0.033
75%Ni25Co%/Al2O3 0.017
75%Ni25Cu%/Al2O3 0.004
Rh/Al2O3 534 0.016 [38]
RheSTF 665 0.0102
RheLSF 712 0.0109
1%Ni/F-SBA-15 673 0.93 This study
3%Ni/F-SBA-15 1.20
5%Ni/F-SBA-15 1.63
10%Ni/F-SBA-15 1.61
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amount of Ni loadings onto the support with better deposition
and stronger metal-support interaction was considered as an
crucial factor in enhancing towards an excellent activity of
CO2 methanation, in agreement with Gouveia et al. [39], who
discovered about the influence of Ni loadings (5e25 wt%)
incorporated onto SBA-15 support for the combined steam
methane reforming (SMR) and water gas shift (WGS) reaction.
The catalytic performance of 5%Ni/F-SBA-15 was
compared with the Ni supported onto the conventional SBA-
15 support (5%Ni/SBA-15) and their comparisons were illus-
trated in Fig. 5(D). As observed, it was significantly evidenced
that the 5%Ni/F-SBA-15 possessed a higher and efficient cat-
alytic behavior towards CO2 methanation (T ¼ 673 K, CO2
conversion ¼ 99.7% and CH4 yield ¼ 98.2%) as compared with
5%Ni/SBA-15 (T ¼ 673 K, CO2 conversion ¼ 91.1% and CH4
yield ¼ 87.5%). This observation demonstrated that the 5%Ni/
F-SBA-15 was superior to 5%Ni/SBA-15 owing to its high po-
tentiality of favorable properties of F-SBA-15 towards a better
and homogenous metal dispersion with a stronger metal-
support interface which then resulted to an excellent cata-
lytic activity as well asmight hinder the occurrence of catalyst
deactivation. It was in consistence with Firmansyah et al. [13]
who investigated about Pt/FZSM-5 for cumene hydrocracking.Catalytic stability of catalysts
Fig. 6(A) shows the long-term stability test of the different
amount of Ni loadings onto F-SBA-15 catalysts at 673 K. It was
observed that the most optimum and better stability of cata-
lyst was exhibited by 5%Ni/F-SBA-15, whereby it remained
active in CO2 conversion during 120 h time-on-stream. This
phenomenon might be due to the numerous substitution of
silanol groups with a larger quantity of Ni species, thus
resulted in a better and homogenous Ni deposition together
with a higher strength ofmetal-support interaction amongNi/
F-SBA-15 for CO2 methanation. Apart from that, it might
inhibit metal sintering during the reaction as well as pro-
moted towards an excellent catalytic performance and sta-
bility of CO2 methanation over 5%Ni/F-SBA-15. Razzaq et al.
[40] had also investigated that the superior catalytic perfor-
mances and stabilities towards CO and CO2 methanation over
Co4N/g-Al2O3 catalyst were highly related with the resistance
of metal sintering and carbon deposition.
For 10%Ni/F-SBA-15, a slight reduction of catalytic stability
of catalyst was observed, which closely related with the lim-
itation substitution of silanol groups at a higher amount of Ni
loading, thus reduced Ni dispersion as well as weakened the
metal-support interaction. This observation was also discov-
ered by Junke et al. [41] and they reported that the factors
which highly influenced towards the favorable catalytic per-
formance of catalysts were due to a better and homogenous
metal dispersion as well as stronger metal-support interac-
tion. In contrast, the occurrence of poorer catalytic stability of
catalyst might be due to the poorer metal deposition and
weaker metal-support interaction which triggered towards Ni
agglomeration on the surface of support when reacted at the
elevated reaction temperature. The Ni particlesmight be lifted
easily from the support resulting the negative effects of coke
formation and catalyst deactivation [41]. On the other hand,
with regards to Aziz et al. [14], decreasing in catalytic behavior
and stability of CO2 methanation over Ni-promoted MSN
might also be due to the formation of coke which originated
from CO disproportionation as well as from CH4 decomposi-
tion on the surface of catalyst during the activity.
After 120 h catalytic stability testing, the spent catalysts
were then characterized using XRD analysis as to further study
the reduction of NiO into Ni⁰ crystallites deposited onto the
surface of the spent catalysts. As displayed in Fig. 6(B), all spent
Ni/F-SBA-15 catalysts possessedmain broad diffraction peak in
the region of 10.0e30.0 and the three diffraction peak positions
approximately at 44.3, 52.5, and 76.8 which were assigned to
the presence of SiO2 in the framework of support and the
appearance of Ni⁰ crystallite on the surface of Ni-based cata-
lysts [28,42], respectively. Those peaks became more intense
upon the increment of Ni loadings (1e10wt%) after the 120 h of
reaction towards CO2 methanation. Their intensities increased
in a sequence of 1%Ni/F-SBA-15 < 3%Ni/F-SBA-15 < 5%Ni/F-
SBA-15< 10%Ni/F-SBA-15, revealing that themost intense peak
of Ni⁰ crystallite was possessed by 10%Ni/F-SBA-15. This phe-
nomenon could be described by the formation of Ni⁰ crystallites
species deposited on the outer surface of the spent catalyst,
indicating the poorer metal distribution and weaker metal-
support interaction upon the abundance of Ni phase. No
Fig. 6 e (A) Long-term stability test of fresh (a) 1%Ni/F-SBA-15, (b) 3%Ni/F-SBA-15, (c) 5%Ni/F-SBA-15, and (d) 10%Ni/F-SBA-15
catalysts. (B) XRD and (C) TGA analysis of all spent catalysts. Reaction conditions: T ¼ 673 K, GHSV ¼ 24,900 mL g¡1 h¡1,
stoichiometric H2/CO2 ¼ 4/1, time-on-stream¼ 120 h. Error bars reveal the standard error by mean of three replicates of the
experiment taking over in this study.
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spent Ni/F-SBA-15 catalyst, attributing to the occurrence of
completely NiO reduction intoNi⁰ crystallite after the reduction
at a higher reaction temperature.
The Ni⁰ crystallite size of each spent supported Ni catalysts
were determined by the Scherrer equation (Eq. (2)) and the
readings are summarized in Table 1. The obtained results
showed the readings of 8.44 nm, 9.51 nm, 9.02 nm, and
18.39 nm for the spent 1%Ni/F-SBA-15, 3%Ni/F-SBA-15, 5%Ni/
F-SBA-15, and 10%Ni/F-SBA-15, respectively. It showed that
spent 10%Ni/F-SBA-15 was more prone towards Ni sintering,
indicating the poorest Ni distribution and weaker metal-
support interaction which allowed the nucleation and
growth of metallic Ni crystallites, in parallel with the previous
assumptions reported by Junke et al. [41]. In addition, a gen-
eration of carbon deposition was expected to occur in 10%Ni/
F-SBA-15 upon the formation of largest Ni⁰ crystallite size.
According to Taherian et al. [43], they suggested that an as-
sembly of Co species with large crystallite size on the support
might cause an occurrence of metal agglomeration during the
dry reforming of CH4 attributable to relatively weak metal-
support interaction, and thus triggered towards sintering ac-
tivity along with more carbon deposition onto the support
surface. Therefore, it was reasonable to conclude that higher
Ni loading (10 wt%) for NieF-SBA-15 generated the instability
ofmetal crystallitewith larger sizewhereby the Ni⁰ crystallites
were being lifted easily from the F-SBA-15 due to weak metal-
support interaction, and thus expected to stimulate the car-
bon species deposition. Apart from that, the carbon species
might block the active sites of Ni which then could decline its
catalytic activity and stability towards CO2 methanation
(Fig. 6).Fig. 6(C) indicates the TGA profiles of all spent Ni/F-SBA-15
catalysts for 120 h time-on-stream. The initial weight loss
appeared at a temperature below than 473 K attributing the
dehydration of adsorbed H2O [15], meanwhile, the gradual
weight loss appeared at a temperature above than 673 K
indicating the removal (oxidation) of carbon species [11,40].
There are two oxidation types of carbon species which known
as amorphous carbon (673e773 K) and graphite carbon
(>773 K) [28]. As shown in Fig. 6(C), an increase in Ni loadings
(1e5 wt%) onto the framework of F-SBA-15 support slightly
reduced the weight loss percentage, indicating the less sig-
nificant formation of carbon species. However, no further
decrement of weight loss percentage was noticed upon the
introduction of higher metal loading (10 wt%), but it began to
slightly increase the weight loss percentage of carbon species
as compared with 5%Ni/F-SBA-15, implying the growth of
carbon deposition. It might be due to a poorer metal distri-
bution and dispersion, lower metal-support interaction, and
lower amount of active basic sites of the catalyst upon the
presence of bulk Ni species (10 wt%) onto the framework of F-
SBA-15.
According to the analysis of spent catalyst, the highest
resistance towards Ni sintering and the growth of coke for-
mation were achieved at an optimum insertion of 5 wt% Ni
loading due to a homogenous and well-dispersed of Ni parti-
cles, stronger metal-support interaction, higher surface ba-
sicity of catalyst, and thus might be affected towards a
superior catalytic stability and minimized the growth of coke
formation on the catalyst surface. It can be noticed that the
better metal deposition, higher strength of metal-support
interaction, together with a higher amount of active basic
sites were considered as the important factors for possessing
Fig. 7 e Plausible mechanism of Ni/F-SBA-15 towards CO2 methanation.
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as minimizing the growth of coke deposition, in compliance
with the previous studies [15,28,44].
By referring to the obtained characterization results and
reported assumptions in the above, the proposed reaction
pathway of Ni/F-SBA-15 incorporated with the different Ni
loadings (1e10 wt%) for CO2 methanation was presented in
Fig. 7. Even though the possible intermediate products of
CO2 methanation over metal-based catalyst was still under
debatable by several researchers [21,45], it was proposed
that the better and homogenous metal dispersion, stronger
interaction between support with bulk metal species, and
higher amount of active basic sites on the supported metal
catalyst were vital for an efficient CO2 methanation activity.
In the present study, the increasing Ni loading onto the
channels of fibrous support from 1 wt% to 5 wt% enhanced
the catalytic performances towards CH4 production over the
Ni/F-SBA-15, indicating the most promising characteristics
and superior performance of 5%Ni/F-SBA-15. It was proven
that the fibrous morphology of mesoporous silica support
(Fig. 3) provides more spaces for Ni incorporation (SieOeNi)
with a better and homogenous metal dispersion (inset
Fig. 3), higher formation of active basic sites upon the
addition of Ni loadings onto the support, and strengthen the
metal-support interaction (Fig. 2). Apart from that, it might
allow towards an efficient dissociation of H2 and CO2 into
the CH4 production, in compliance with the study explored
by Aziz et al. [21]. While for an excess amount of Ni loading
(10 wt%), it resulted to the formation of carbon due to bulk
coverage of Ni species onto F-SBA-15 framework which
lowered the metal-support interaction. It could be summa-
rized that the most important and attractive key factors for
achieving excellent catalytic performance and stability of
CO2 methanation over metal-based catalyst are synergistic
effects of Ni loadings onto the support with a higher quan-
tity of SieOeNi bond, better and homogenous Ni dispersion,
stronger metal-support interaction, and higher amount of
active basic sites provided.Conclusion
In conclusion, developing the new promising characteristics
of Ni/F-SBA-15 with the varied amount of Ni loadings were
discovered and synthesized. Their textural properties were
investigated by XRD, BET, ICP-MS, FTIR, FESEM-EDX, TEM, and
in-situ FTIR adsorbed pyrrole. It was found that the most
promising and optimum amount of Ni loadings to be incor-
porated and dispersed onto F-SBA-15 support for CH4 pro-
duction was at 5 wt%. 5%Ni/F-SBA-15 possessed an excellent
catalytic performance and stability with no deactivation up to
120 h time-on-stream. Only small amount of Ni sintering wasobservedwhereby a smaller nucleation and growth ofmetallic
Ni⁰ crystallites occurred due to a better and homogenous NiO
dispersion accompanied by stronger the metal-support
interaction, in compliance with the XRD result over the
spent catalyst. Addition of 5 wt% Ni loading onto the F-SBA-15
support provided the higher presence of active basic sites on
the catalyst surface which then might possess better stability
even after 120 h time-on-stream. However, a trivial reduction
in the catalytic performance and stability of CO2 methanation
was achieved by 10%Ni/F-SBA-15 due to its limitation spaces
and substitution of Ni species with the silanol groups of F-
SBA-15 support upon the bulk Ni phase, attributing to a poorer
Ni distribution and weaker metal-support interaction. The
agglomeration of NiO crystallites might cover the active basic
sites of the surface of the catalyst which then continuously
declined the stability of the catalyst towards CO2methanation
after 120 h time-on-stream. The coke deposition might also
occur onto the surface of 10%Ni/F-SBA-15, as proven by the
TGA analysis.
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